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Neurotrophins, the NGF-related falllily of neurotro­
phic factors, regulate the innervation of skin by 
sensory and sYlllpathetic neurons. For the sensory 
nervous system, sensory innervation of different 1ll0-
dalities (nocioception, proprioception, lllechanore­
ception) is regulated by different lllelllbers of the 
neurotrophin gene falllily. This specificity reflects 
the expression, within different sensory neuronal 
subpopulations, of different lllelllbers of the trk neu-
T
he neurotrophins, nerve growth factor (NGF), brain­
derived neurotrophic factor (BDNF), neurotro­
phin-3 (NT -3), and neurotrophin-4 (NT -4/5) have 
multiple functions in the developing and adult pe­
ripheral and central nervous systems. The action of 
rh,',e growth tactors is essential for appropriate sensory and sym­
rJrlwtic innervation of the skin. Some nonneural cell types, 
mduding keratinocytes, melanocytes, and mast cells, also are 
r"'l'onsi\"c to NGF. Thus, neurotrophins are important for many 
J'I','rts of the biology of skin. 
THE NEUROTROPHIC HYPOTHESIS 
Programmcd cell death is extensive throughout the developing 
1l,'rHll!\ system. Evidence that the survival of a variety of neurons 
of tlw peripheral nervous system is dLpendent on the presence of 
rh,' specific target of innervation of those neurons led to the 
Il,'urotrophic hypothesis. Tllis hypothesis holds that developing 
Il,'urons actively compete for trophic substances elaborated by the 
IJrg,'ts of innervation. In many cases, the modes of action of 
neurotrophins are in good accord with the neurotropllic hypothesis. 
(It;, tl'll clear, however, that neurotrophins have many functions 
,h." t:1l1 outside the scope of tllis simple hypothesis.) 
RECEPTORS AND SIGNALING MECHANISMS 
Cdlular responses to neurotropllins are mediated by several differ­
fnt specitic cell surface receptors. The preference of individual 
Itl'uronal populations for specific neurotropllills is determined by 
rill' particular neurotrophin receptor that is expressed. 
Cdlular responses to neurotropllins are mediated by two func­
lilltl'llly interacting classes of receptors. The first neurotrophin 
r,'reptot to be biochemically characterized and cloned (Grob et aI, 
I'JX:;; Chao l't al. 1986; Jolmson et aI, 1986; Marano l't aI, 1987; 
RJdeke 1'/ al. 1987) is a 75-kDa protein hereafter referred to as I' 7 5. 
Se\l'ral structurally related receptors have been identified includ­
Ill!:, among others. two tumor necrosis factor receptors (TNFR-I. 
I�FR-II), Fas. alld CD40 (Bothwell, 1996), Although 1'75 was 
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rotrophin receptor gene falllily. Neurotrophins also 
act directly upon nonneural cells of the skin, includ­
ing lllelanocytes and keratinocytes, regulating cell 
survival and proliferation. Effects on cell survival 
reflect a cOlllplex interplay between the actions of trk 
and 75-kDa neurotrophin receptors. Key wOl·ds: ttel"Ve 
gJ'owtlr jactoy/tl'oplric jactOl'/sensoJ1', Joumal oj Ittvestigative 
Del'1tlatology Symposium pJ·oceedittgs 2:27-30, 1997 
initially described as an NGF receptor, it binds all of the neurotro­
phins (Rodriguez-Tebar et ai, 1990; Dechant et aI, 1994). 
Subsequent to the isolation of p75, a structurally distinct class of 
neurotrophin receptors was identified (Kaplan e( aI, 1991), TrkA is 
primarily a receptor for NGF, trk B is primarily a receptor for 
BDNF and NT-4/5, and trkC is primarily a receptor for NT -3, The 
trk receptors are capable of mediating many important functional 
responses to neurotropllins without participation of 1'75 (Barbacid, 
1995). 
The ability of trk receptors to fUllction in the absence of 1'75 led 
many to conclude that 1'75 was not functionally important as a 
neurotrophin receptor. It has become clear recently, however, that 
p75 has several important functional activities. Like several other 
members of the NGF/TNF receptor superfamily, activation of p75 
receptors stimulates sphingomyelin hydrolysis, generating the sec­
ond messenger ceramide. The pathway leading to generation of 
ceramide is generally associated with apoptotic cell death (Do­
browsky et al. 1994, 1995). Also like other members of this receptor 
superfamily, 1'75 activation leads to activation of the transcription 
factor nuclear factor-KB (NF-KB) (Rao et al. 1995; Carter et aI, 
1996). Although NF-KB activation was originally considered to be 
a consequence of ceramide generation and therefore, pro-apo­
ptotic, recent evidence indicates that NF-KB generation represents 
a pathway distinct from that generating ceramide and, further, that 
NF-KB activation promotes cell survival. not cell death (Baeuerle 
and Baltimore, 1996; Bothwell, 1996). Interestingly. these initial 
studies suggest that all the neurotropllins can stimulate 1'75 to 
enhance ceramide production. whereas only NGF promotes acti­
vation of N F-KB. The ability of different neurotropllins to signal 
differentially through the same receptor is puzzling. 
The trk receptors are so named because they are tyrosine 
receptor kinases. Their signal transduction resembles that of other 
tyrosine receptor kinases. Neurotrophin binding to trk receptors 
induces receptor dimerization, which leads to receptor autophos­
phorylation by an intrinsic tyrosine-specitlc kinase activity. Phos­
phorylation of tyrosyl residues witllin SHZ domains leads to 
association with the receptor of specific cytoplasmic signaling 
proteins, including SHC, PIJ-kinase, and phospholipase Cy (Kaplan 
and Stephens, 1994). Signaling pathways of 1'75 and trk receptors 
are summarized in Fig 1. 
Although p 75 and trk receptors are capable of signaling indepen-
1087-0024/97 IS 10.50 • Copyright (g 1997 by The Society for Investigative Dermatology, Inc. 
27 
28 BOTHWELL 
BDNF 
NT-3 
NT-4 
NGF 
I 
p 
M 
ceramide NF-KB 
NGF 
Irk· 
A 
BDNF 
NT-4 NT-3 
� 
! ! P��-r 
PI3 MAP 
Kinase Kinase 
Figure 1. Signaling pathways ofp75 and trk receptors. Activation of 
p75 by all neurotrophins can promote sphingomyelin hydrolysis to yield 
ceramide, whereas only NGF promotes activation of the transcription factor 
NF-KB. Activation of trkA, trkB, or trkC by their cognate neurotrophins 
triggers signaling pathways leading to activation of mitogen-activated 
protein kinase (MAP kinase) , phospholipase Cy (PLC-y), and pr3-kinase. 
dently of one another, several types of functional interactions 
between these two receptor types are observed in cells that express 
both receptors. Indeed, p75 and trkA receptors are physically 
associated, whereas evidence for association of p75 with trkB and 
trkC receptors is less compelling (Ross et ai, 1996). 
The presence of p75 increases the affinity of trkA for NGF and 
enhances the sensitivity of trkA-mediated neuronal responses to 
NGF (Hempstead et ai, 1991; Lee et ai, 1994). On the other hand, 
p 7 5 diminishes the ability of NT -3 to activate trkA (Clary and 
Reichardt, 1994). Thus, p75 essentially increases the selectivity of 
trkA for its preferred ligand, NGF. 
Just as p75 influences trk signaling, trk receptors influence p75 
signaling. The ability of neurotrophins to stinmlate p75-mediated 
production of the second messenger ceramide is blocked by the 
activity of trkA or trkB receptors (Dobrowsky et aI, 1995). 
RETROGRADE SIGNALING AND RETROGRADE 
TRANSPORT 
In those instances where the mode of action of neurotrophins is in 
accord with the neurotrophic hypothesis, receptor-mediated signal­
ing must meet unusual requirements that are not commonly 
observed for receptor signaling in nonneural cells. Inasmuch as 
target-derived neurotrophins are presented to neurotrophin recep­
tors on the axon tenninus, whereas maintenance of cell survival 
requires neurotrophin-mediated changes in gene expression, some­
how a signal must be communicated from the axon terminal 
neurotrophin receptor to the neuronal soma. Simple diffusion is not 
fast enough to account for the speed at which the trophic signal is 
communicated from the nerve terminus to the cell body. The 
observation that neurotrophins and neurotrophin receptors are 
actively transported from the axon terminus to the cell body 
(retrograde transport) has led to the suggestion that internalization 
of the neurotrophinlreceptor complex within endosomes, followed 
by axonal transport, carries the retrograde signal (Hendry ef aI, 
1974; Johnson et ai, 1987; Ehlers ef ai, 1995). Although, for other 
growth factors, acidification of endosomes normally dissociates the 
growth factor/receptor complex, the fact that endosomes within 
the axonal compartment are only slowly acidified (Overly et ai, 
1995) suggests that neurotrophins may be transported down the 
axon as intact complexes with their receptors, allowing receptors to 
signal continuously as they move to the neuronal soma. Indeed, 
recent evidence demonstrates that neurotrophins transported in a 
retrograde manner do indeed remain associated with their p75 and 
lID SYMPOSIUM PROCEElJI�('\ 
trk receptors (c. von Bartheld, unpublished observations) and dUl 
trk receptors are transported in an active state (Ehlers ef ai, 1995). 
RETROGRADE SIGNALING IN TRIGEMINAL SENSORY 
NEURONS 
The applicability of the conventional neurotrophic hypothesis has 
been examined most extensively for trigeminal sensory ncuron� 
which innervate the rodent maxillary vibrissae (whisker pads) 
(Davies, 1990). Survival of these neurons during the prenaw 
period is dependent on NGF. NGF is expressed by keratinocytes of 
the maxillary epidermis and whisker follicles. NGF expressioo 
commences precisely at the time growing trigeminal axons reach 
the vibrissae. Although the NGF mRNA levels in the target remain 
relatively constant during several days of embryonic developmen� 
the amount of NGF protein in the target declines precipitously 
shortly after innervation is established, apparently because tht 
trigeminal axons actively transport the NGF in a retrograde manner 
to the trigeminal ganglion. This "vacuum cleaner" effect undoubt­
edly sharpens the competition among trigeminal axons for tllf 
diminishing supply ofNGF. 
The degree of competition of neurons for the limiting supply of 
neurotrophins is remarkable. A dramatic demonstration of this keen 
competition is found in neurotrophin gene-targeted mouse mu­
tants, as these animals display markedly enhanced sensory neuronal 
cell death even in heterozygotes possessing one normal and one 
inactivated gene for BDNF (Bianchi et ai, 1996), indicating thai 
even a 50 % decrease in capacity for neurotrophin synthesis has 
profound biologic consequences. This phenomenon suggests that 
human allellic differences in the flanking regions of neurotrophio 
genes, which may subtly influence the level of expression ofthesr 
genes, may have substantial significance for the vulnerability of 
individuals to a variety of neurologic disorders. 
VARIETY OF FUNCTIONS FOR NEURONS 
Mitogenic Action As for many other tyrosine kinases, activa­
tion of trk receptors stimulates proliferation of some proliferative 
cell types, even to the point of oncogenic transformation in some 
cases. Tins action, which probably stems primarily by a signaling 
pathway that induces activation of SHC, ras, and mitogen-activated 
protein kinase, may be of some significance in the developing 
nervous system. For example, NT -3 activation of trkC recepton 
promotes proliferation of neural crest cells (Kalcheim et ai, 1992) 
and sympathetic neuronal precursor cells (Verdi and Anderson, 
1994). 
Enhancement of Cell Survival The most general, and histor­
ically the first recognized, activity of neurotrophins is to promote 
neuronal survival during development. During the developmental 
period of target innervation, most neurons of the peripheral 
nervous system undergo programmed cell death, and survival of 
neurons during this period is dependent on neurotrophins elab o­
rated b y  the target o f  innervation. For sympathetic neurons, which 
express trkA, the necessary neurotrophin is NGF, which is pro­
duced by sympathetic target tissues such as smooth muscle (Heu­
mann et ai, 1984). For sensory neurons, distinct subpopulations of 
neurons require NGF, BDNF, or NT-3. 
Enhancement of Cell Death Although one commonly thinlu 
of growth factors in the context of enhanced cell survival, the 
activity of the p75 neurotrophin receptor can promote neuronal cell 
death (Rabizadeh et ai, 1993; Barrett and Bartlett, 1994). Although 
the cell killing activity of p75 was initially reported to occur in the 
absence of neurotrophins, in several neuronal systems, the cell 
killing activity of p75 appears to be promoted by NGF (von­
Bartheld ef ai, 1994; Frade et ai, 1996). Inasmuch as activity ofm 
receptors inlnbits the ability of p 7 5 receptors to signal, cell survival 
may reflect a complex interplay between p75 and trk recepton, 
with neurotrophin/ p 75 interactions enhancing cell death and neu­
rotrophin/trk interactions enhancing cell survival, and blocking the 
cell-killing activity of neurotrophin/p75 complexes. 
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Stimulation of Neuritic Growth and Arborization Neuro­
trophin actions are not restricted to pronl0tion of neuronal survivaL 
They strongly promote axonal growth and arborization of both 
axons and dendrites, The actions of neurotrophins are ill1portant 
deternlinants of the pattern of terminal arborization of sensory 
axons (Diamond 1'1 ai, 1987), Interestingly, although NGF strongly 
promotes de ilOilO sprouting of sensory axons, it appears to be less 
important for regeneration of existing aXOIlS, 
Promotion of Neurotransmitter Synthesis Neurotrophins 
also regulate the expression of a variety of genes and thereby 
promote neurotransmitter synthesis. For example, NGF promotes 
expression of choline acetyltransterase in cholinergic neurons 
(Hetti 1'1 ai, 1985) and expression of tyrmine hydroxylase in 
sympathetic neurons (Gizang-Ginsberg and Ziff, 1990) and stimu­
lates substance P expression in nocioceptive sensory neurons (Lind­
say and Hannar, 1989), 
Acute Effects on Synaptic Function In addition to the various 
functions noted above, which involve cellular responses on a time 
scale of hours or days, it has been observed recently that neurotro­
phins can influence the electrophysiologic properties of neurons 
within minutes (Lohof ci ai, 1993; Kang and Schuman, 1995), Such 
effects, in the central nervous system, have been implicated in the 
processes of acquisition of memory and learning, 
PHYSIOLOGICAL SOURCES OF NEUROTROPHINS 
Conventional Target-Derived Sources In the context of the 
neurotrophic hypothesis, one expects that Ileurotrophins should be 
expressed within the targets innervated by neurotrophin-dependent 
neurons and, generally speaking, this is true, For example, kerati­
nocytes produce NGF to foster innervation of skin by nocioceptive 
sensory neurons (Harper and Davies, 1990; Molliver cl ai, 1995), 
muscle expresses NT -3 to fi.)ster innervation by proprioceptive 
sensory neurons (Klein, 199-1), and smooth muscle produces NGF 
to foster innervation by sympathetic neurons, In many cases, 
however, nlOre complex patterns of expression of neurotrophins 
are observed, 
Autocrine Action Neurons of sensory ganglia express both 
BDNF and NT -3, One possible function for this expression is to 
foster survival of sensory neurons in an autocrine manner (Schect­
erson and Bothwell, 1992), Indeed, the survival of subpopulations 
of sensory neurons is dependent on the BDNF that these neurons 
produce (Acheson el ai, 1995; Davies and Wright, 1995), Although 
the function of this autocrine action is unclear, one possible 
function during the embryonic period is to maintain the survival of 
sensory neurons during the period when their growing axons have 
not yet reached their targets, 
Schwann Cells Not only do peripheral sensory neurons receive 
neurotrophins trom the target and from autocrine synthesis, but 
nerve glia may also provide trophic support. Schwann cells produce 
both NGF and BDNF (Acheson el ai, 1991), Production of NGF by 
these cells is stimulated by nerve injury (Heumann 1'1 ai, 1987), 
Thus, although the importance of Schwal1l1 cell-derived NGF 
during development is controversial (Abrahamson et ai, 1986), it is 
likely that Schwann cells are in important source of NGF during 
nerve regeneration, In addition, however, NGF promotes Schwann 
cell migration (Anton el ai, 19()-I), Thus, Schwann cell NGF 
production in injured nerves may be important for the reestablish­
ment of the nerve sheath during regeneration, 
Anterograde Axonal Transport The synthesis of BDNF and 
NT -3 within sensory neurons (as well as within other neuronal 
populations) raises the possibility that some neurons may transport 
neurotrophins along axons in the anterograde direction and release 
neurotrophins from the axon terminus (Schecterson and Bothwell, 
1992), Indeed, the anterograde axonal transport of neurotrophins 
has been reported for sensory neurons (Zhou el aI, 1996) whereas 
the transport and release of NT-3 has been observed in retinal 
ganglion cells (von Bartheld 1'1 ai, 1996). 
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Peripheral Sensory Neurons of Different Sensory Modalities 
Require Different Neurotrophins TrkA, trkil, and trkC are 
expressed in different subpopulations of neurons within dorsal root 
sensory ganglia, and the particular trk receptor expressed appears to 
be determined, in substantial part, by the sensory modality of the 
different neuronal subpopulations, Nocioceptive neurons of the 
dorsal root ganglia express trkA and are primarily dependent on 
NGF, which is produced by keratinocytes, Proprioceptive neurons 
express trkC and are primarily dependent on NT -3, which is 
expressed by muscle, Low threshold mechanoreceptive neurons 
apparently express both trkB and trkC and presumably fmd both 
BDNF and NT -3 within the dermis (Davies el ai, 1995; Wright and 
Snider, 19(5). Although this scheme accounts well for the latter 
stages of development, neurons may change their neurotrophin 
preference as development proceeds. For example, both sympa­
thetic and nocioceptive sensory neuronal precursors may require 
NT-3 for survival before they become responsive to NGF (Buch­
man and Davies, 1993; Verdi and Anderson, 19(4), 
The functional importance of the specialization in neurotrophin 
responsiveness of subclasses of sensory neurons is beautifully illus­
trated by the demonstration that exposure of developing animals to 
excessive concentrations of NGF reprograms the sensory nervous 
system, causing normally nocioceptive neurons to become sensitive 
to low-threshold mechanical stimulation (Lewin el al. 1993), This 
alteration presumably reflects the innervation of low-threshold 
mechanoreceptor end organs by trkA-expressing neurons that 
would not normally innervate these targets, 
Actions of Neurotrophins on Nonneural Cells Although 
most studies of neurotrophin function have fi.)Cused on neurons, 
there is substantial evidence for presence of Ileurotrophin receptors 
and for cellular responses to neurotrophins of a variety of nonneural 
cells, NGF, via trkA receptors, enhances the survival of mast cells, 
increases their numbers ill !liFO, and promotes histamine release 
(Horigome ef ai, 1994; Aloe el ai, 1995), NGF/trkA interactions 
also are important for the generation of certain subclasses of 
lymphocytes (Torcia el aI, 1996), 
NT -3, acting on neural crest cell during development, may 
influence the production of mclanocytes (Kalcheim cl ai, 1992). In 
addition, there is growing evidence for important functions ofNGF 
for melanocytes, Melanocytes express both p75 and trkA receptors. 
and NGF promotes melanocyte survival and migration (Yaar el ai, 
1991, 1994; Zhai et ai, 1996), 
NGF promotes the proliferation of keratinocytes (Di Marco 1'1 ai, 
1993; Paus el ai, 1994), Although it is clear that keratinocytes may 
express the p 7 5 receptor, their capacity to express trk receptors has 
been controversial. Initial studies concluded that trkA was not 
expressed, but a novel receptor tYTosine kinase, trkE, was put 
forward as a mediator of NGF action (Di Marco el ai, 1993), TrkE, 
however, lacks sequences homologous to the neurotrophin binding 
domains of the other trk receptors, and there is not yet direct 
evidence that trkE is a fimctional NGF receptoL It seems likely, 
therefore, that the response of keratinocytes to NGF is mediated by 
low levels of trkA receptors, 
CONCLUSIONS 
The potent action of neurotrophins on sensory and sympathetic 
neurons that innervate skin, on the Schwann cells of these nerves, 
as well as on the melanocytic and keratinocytic cells of skin, and on 
mast cells and lymphocytes suggests that the neurotrophins must be 
of profound importance for normal skin and in inflammatory skin 
conditions, Although the evidence is still scant, it is likely that 
neurotrophin-related Inechanisms are involved in a variety of 
human skin disorders. This represents fertile ground for investiga­
tion, 
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